Introduction
The effect of spectral distribution on the performance of photovoltaic (PV) modules is often neglected. The introduction of multi-junction devices such as Copper Indium Diselenide (CIS) necessitated a concerted investigation into the spectral response on these devices. In part this attributed to the wider spectral response resulting from a combination of different energy band gaps. This in turn implies that the device should have a relatively lower dependence on outdoor spectral content, which depends on a number of factors such as year time, location, day time and material composition in the atmosphere. The availability of outdoor spectral data, which in most cases is not available, allows for the evaluation of the outdoor response of the CIS technology as the spectrum shifts during the course of the day, during cloud/clear sky condition and seasons. This study reports on the effect of outdoor spectrum, which is different from the reference AM 1.5, on the CIS performance parameters.
Different outdoor methodologies currently adopted

The concept of average photon energy
In trying to quantify the 'blueness' or 'redness' of outdoor spectrum, Christian et. al. adopted the concept of Average Photon Energy (APE) as an alternative (Christian et al., 2002) . He defined APE as a measure of the average hue of incident radiation which is calculated using the spectral irradiance data divided by the integrated photon flux density, as in equation 1. 
where : q e = electronic charge E i (λ) = Spectral irradiance  i (λ) = Photon flux density As an indication of the spectral content, high values of average APE indicate a blue-shifted spectrum, whilst low values correspond to red shifted spectrum. Although this concept at
The spectral factor concept
Another notion also adopted to evaluate the effect of outdoor spectrum, is the concept of Spectral Factor. As described by Poissant (Poissant et al., 2006) , Spectral Factor is defined as a coefficient of the short-circuit current (I sc ) at the current spectrum to the short-circuit current at STC (I STC ). 
From equation 2, the I sc and the I STC is obtained using the equation 3 and 4 respectively. 
IE R d
where: E(λ) = Irradiance as function of wavelength E STC (λ) = Irradiance at STC R(λ) = Reflectivity The spectral factor quantifies the degree of how the solar spectrum matches the cell spectral response at any given time as compared to the AM1.5 spectrum.
The useful fraction concept
With regard to changes in the device parameters, the concept of Useful Fraction used by Gottschalg et al (Gottschalg et al., 2003) clearly demonstrates the effect of varying outdoor spectrum. Useful fraction is defined as the ratio of the irradiance within the spectrally useful range of the device to the total irradiance.
Where E g is the band-gap of the device (normally the cut -off wavelength) and G is the total irradiance determined as:
where G(λ) is the spectral irradiance encountered by a PV cell.
Methodology used in this study
Before the CIS module was deployed outdoors, the module underwent a series of testing procedures in order to establish the baseline characteristics. Visual inspection was adopted to check for some physical defects e.g. cracks, and incomplete scribes due to manufacturing errors. Infrared thermography revealed that no hot spots were present before and after outdoor exposure. These procedures were used to isolate the spectral effects with respect to the performance parameters of the module. To establish the seasonal effects on the module's I-V curves, three I-V curves were selected. One I-V curve for a winter season and the 2 nd I-V curve for summer season were measured. The 3 rd I-V curve was used to establish whether the module did not degrade when the winter curve was measured. All curves were measured at noon on clear days so that the effect of cloud cover would be negligible. For accurate comparison purposes all I-V curves had to be normalized to STC conditions so that the variations in irradiance and temperature would be corrected. Firstly the I sc values were STC corrected by using equation 1 (Gottschalg et al., 2005 = new corrected voltage The outdoor spectrum was also measured for winter and summer periods in order to compare them for possible changes in the quality of the two spectra (figure 5). With regard to changes in the device parameters, the concept of Weighted Useful Fraction (WUF) (Simon and Meyer, 2008; Simon and Meyer, 2010) was used to clearly demonstrate the effect of varying outdoor spectrum. This concept was developed due to some limitations noted with other outdoor spectral characterization techniques (Christian et al., 2002) . The methodology used by Gottschalg et al (Gottschalg et al, 2002) makes use the assumption that the energy density (W/m 2 /nm) within the spectral range of the device at a specific wavelength is totally absorbed (100%). But in reality the energy density at a specific wavelength has a specific absorption percentage, which should be considered when determining the spectral response within the device range. It was therefore necessary to introduce what is referred to as the Weighted Useful Fraction (WUF) (Simon and Meyer, 2008; Simon and Meyer, 2010) .
where: G(λ) is the integrated energy density within device spectral range with its corresponding absorption percentage evaluated at each wavelength. As a quick example, at 350 nm for a-Si device, its corresponding energy density (W/m 2 /nm) is 20% of the irradiance (W/m 2 ) received which contribute to the electron-hole (e-h) creation and for mc-Si at the same wavelength, 60% is used to create e-h pairs. But the concept of Useful Fraction considers that at each wavelength, all the energy received contributes to the e-h, which is one of the short comings observed from this methodology. The idea of using Weighted Useful Faction was to address these short falls which tend to over estimate the overall device spectral response. The data obtained using the concept of Weighted Useful Fraction represents a statistical phenomenon of occurrences. Therefore the Gaussian distribution as a statistical tool was used to interpret the data simply because of a mathematical relationship (Central Limit Theorem). In this case the theorem holds because the sample is large (major condition of the theorem) and therefore the Gaussian distribution is suitable to be applied. In this study, the www.intechopen.com 3 rd parameter Gaussian distribution function was used to describe the distribution pattern and to accurately determine the variance of points from the peak value (central value). The peaks of the Gaussian distribution was obtained by firstly creating frequency bins for the WUF and determine the frequency of the points in each bin expressed as a percentage. The bins were imported into SigmaPlot 10 and the peak 3 rd Gaussian distribution function was used to accurately generate the peak WUF. Figure 1 illustrates the frequency distribution bins for a-Si:H module. Evident from figure 1 is an increase in WUF frequency at specific WUF value. This percentage frequency represents the number of data points measured at a specific WUF during the study period. The centre of the points, which corresponds to the spectrum the device "prefers" most, was obtained using the peak Gaussian distribution of the form:
where: a = highest frequency x = W U F v a l u e x o = WUF centre value b = deviation (2) Figure 2 illustrates a typical Gaussian distribution used to accurately determine the mean Weighted Useful Fraction. Also illustrated is the width of the distribution as measured by the standard deviation or variance (standard deviation squared =  2 ). In order to interpret the results generated from each Gaussian distribution, two main terminologies had to be fully understood so that the results have a physical meaning and not just a statistical meaning. The standard deviation () quantifies the degree of data scatter from one another, usually it is from the mean value.
In simple statistics, the data represented by the Gaussian distribution implies that 68% of the values (on either side) lie within the 1 st standard deviation (1) and 95% of the values lie within the 2 nd standard deviation. The confidence interval level was also analyzed when determining the mean value. The confidence interval quantifies the precision of the mean, which was vital in this analysis since the mean represents the WUF spectrum from which the devices responds best during the entire period of outdoor exposure. The increase in standard deviation means that the device spends less time on the corresponding WUF spectrum. Ideally it represents the error margin from the mean value. The percentage frequency value corresponding to the mean WUF value represents the percentage of the total time of outdoor exposure to which the device was responding best to that spectrum. Depending on how the data is distributed, the Gaussian curve 'tails' differently from each side of the mean value. The increase in  in this case reveals two crucial points regarding the statistical data in question. Firstly, it quantifies the total time spent at a specific spectrum as the  increases during the entire period of monitoring. Secondly it reveals the entire spectral range to which PV devices respond. From figure 2, the standard deviation increases from 1 to 8 on one side of the mean WUF and from the other side varies from 1 to 3. The total range of the WUF is from 0.64 to 0.7 although it spends less time from spectral range where standard deviation  is greater than a unit. A high confidence level of each Gaussian distribution indicates the accuracy of the determined mean. All results presented in this work showed a high confidence level. Normalization of I sc was achieved by dividing the module's I sc with the total irradiance within the device spectral range (G Spectral Range ). The commonly adopted correlation existing between the module's I sc and back-of-module temperature is of the form Gottschalg et al., 2004) . Firstly, the relationship between 
Results and discussion
Although the outdoor parameters might 'mimic' the STC conditions, the performance of the PV device will not perform to that expectation. By analyzing the effect of outdoor environment, the spectrum received is largely influenced by solar altitude and atmospheric composition, which in turn affect device performance. The January I-V curve was taken a few days after deployment of the modules while operating at outdoor conditions. Two aspects needed to be verified with this comparative analysis of the I-V curves for that time frame: Firstly the state of the module, i.e. whether it did not degrade within this time frame needed to be ascertained so that any effect on device I sc , FF and efficiency would be purely attributed to spectral effects. Secondly, this was done to see the effect of seasonal changes on the I-V characteristics. Since the outdoor conditions are almost the same when the measurements were taken, the I-V curves were normalized to STC conditions using the procedure mentioned in section 2. Since the 3 I-V curves had been corrected for both temperature and irradiance, therefore any www.intechopen.com modification or changes on the I sc values is purely due to spectral effect. The difference in module's I sc is largely attributed to the outdoor spectral composition, which as have been mentioned earlier on, depends on season and time of the year amongst other factors. The CIS module was also simulated using Solar Studio Design. At each AM value, the module's I-V curve was obtained. Figure 4 illustrates the effects on the simulated CIS I-V curves as the Air Mass was varied. The change in outdoor spectrum as characterized by the AM values affect the module's I-V curves, mostly the I sc . Although this module is rated at STC using the AM1.5 spectrum, the CIS module is performing less at AM1.5 as compared to AM 9.15. The I-V curve at AM 1.5 coincides with the I-V curve at AM 16.0. It should be noted that the change in AM value is an indication of the spectral content dominating. The ΔI sc = 7.5% difference between I sc at AM 1.5 and I sc at AM 9.15 is purely due to spectral changes. Returning back to figure 1, the difference in I sc between winter and summer spectrum is due to spectral changes. The typical winter and summer spectra were compared with the view of finding any variation in the profiles. All values were divided by the highest energy density in each curve so as to normalize them. Figure 5 presents the normalized spectral distribution corresponding to the two I-V curves in figure 3 . Clearly there is a difference in the spectral content primarily due to the difference in solar altitude and hence air mass. In the absence of the device degradation, similar irradiance and module temperatures, the reduction in module performance is attributed to the difference in spectral distribution associated with the seasonal variation. To further verify whether indeed the reduction in the module's I sc was due to spectral changes associated with seasonal changes, the device WUF for the entire year was analyzed. The monthly average WUF was considered to be sufficient to provide evidence, if any in its profile. Figure 6 shows the evolution of the monthly average WUF of the CIS module. (summer) and the lower for winter, a 1.5% drop in WUF is noticed (inset figure) . A small change in WUF results in large change of the device's I sc . In order to verify this assumption, the change in WUF versus Air Mass was established as is presented in figure 7 . The relationship established in figure 7 was used to calculate the change in WUF at different Air Mass values, a typical change in season. Values for low air mass (indication of a summer spectrum) and high air mass (indication of winter) were used to calculate the % change in WUF and later compared to the simulated % change in I sc at different AM values, the same values that has been used in previous calculation. Equations 12 and 13 illustrate the equations used for this calculation. 
where: WUF 1.0 is the calculated value of WUF at AM 1.0 and the WUF 9.15 is the calculated value of WUF at AM 9.15. From figure 4 the value for I sc (AM 1.0) and I sc (AM 9.15) were used to calculate the % change in I sc as the spectrum changes. The ΔWUF = WUF 1.0 -WUF 9.15 expressed as a %, was found to be 1.66%, while the ΔI sc = 11.88%. From this analysis, one can conclude that a small % change in ΔWUF result in large % difference of the module's I sc , which explains the 17% decrease in I sc due to a ΔWUF of 1.5%. The slight difference in the two results is due to the difference in the actual operating conditions in which case the simulated conditions are different from the actual conditions when the two I-V curves in figure 4 were measured. A 10 point moving average was applied so that a clear correlation can be seen. By fitting aby plotting the FF with WUF a functional relationship can be established. Figure 8 shows the slight increase in FF as the WUF varies. Observed from figure 6, a 6.5% increase in FF is observed within the WUF range 0.960 -0.983 (considering the % difference between the averages of the upper and low values of the FF). It should however be noted that this percentage increase value is just an indication of the change in FF. The increase in FF as observed is attributed to the quality of the spectrum dominating which result in 'supplying' sufficient energy for the electron-hole creation, with less energy losses, which in most cases is dissipated as heat. From the inset figure, a decrease in FF as AM values increase from AM 1.5 is evident. Closely analyzing the two graphs, the spectrum dominating under the WUF range of the CIS module is a blue rich spectrum which explains a slight increase in FF. From the inset figure, the FF is higher at AM 1.5 and decrease as the spectrum becomes longer wavelength dominated. Clearly the change in outdoor spectrum has an effect on the FF of the CIS module. Often reported is the relationship between efficiency and global irradiance as measured by the pyranometer. For CIS module, the variation of aperture efficiency with WUF is visible described by a logarithmic fit into the scattered data. Both WUF and irradiance affect device performance with the same magnitude. Gottschalg et al., (Gottschalg et al., 2004) linear trend of efficiency with WUF in our case. The other key performance indicator in PV analysis is the device aperture efficiency. The efficiency of CIS module was also analyzed using the same procedure for FF analysis. Figure 9 indicate the efficiency versus WUF of the CIS device. ). One can attribute this discrepancy of the measured data and theory as follows: The in the equation above is assumed to be a constant, but in actual fact it is strongly dependant on the irradiance available within the denominator function (UI). The irradiance within the Responsive Spectral Range (UI) is assumed to be a constant, a single value to be precise. In reality the irradiance does fluctuates within this range, rendering the not to be a constant parameter. However the device efficiency exhibits a logarithmic increase as a function of WUF, due to the irradiance variations, resulting in not to be a constant. The effect of season on device efficiency was also investigated; the results are shown in figure 10 . It is observed from figure 10 that the device efficiency is stable for both summer and winter. The PV module's performance parameters e.g. I sc , V oc , FF and η are characterized by what is referred to as temperature coefficients. Temperature coefficient is described as the rate of change (derivative) of the parameter with respect to the temperature of the PV device performance parameters (King et al., 1997) . For PV system sizing and design, knowing the device temperature coefficient plays a very critical role. Quantifying the spectral effects on its own has proved to be a challenge; as a result no temperature coefficient with respect to outdoor spectrum has been documented. In figures 11 and 12, the relationship between outdoor spectral effects (WUF) and the average back -of module temperature is presented. Using a linear fit to the data, a spectral temperature coefficient is obtained. Figure 11 illustrates the relationship between WUF and temperature for a winter period. very high temperature (indicated by trend 2), while the rest of the days would be for typical winter season, normally characterized by mostly low temperature. In both cases, a negative WUF temperature coefficient is observed, with trend 1 being -0.001/ o C and for trend 2 being -0.4×10 -5 / o C. The same procedure was also used to find the effect of temperature on WUF for summer months of CIS module. Figure 12 shows the WUF versus temperature relationship. Interesting to note from figure 12 is that the spectral effect temperature coefficient for summer period is the same as the one obtained during winter, clear sky (trend 2) although for summer the highest temperature reached was above 60 o C while for trend 2 (figure 11), the highest was less than 60 o C. From the two figures, it has been shown that temperature coefficient due to spectral effect (WUF ) can be obtained once the outdoor spectrum data for a device is correctly calculated using the Weighted Useful Fraction (WUF) concept. Like other performance parameters, whose temperature coefficients are equally important in PV characterization and system design, the WUF should be also be considered as this might help to minimize some of the system sizing errors, which in most instances lead to under performance, unreliable and financial repercussions. www.intechopen.com
Conclusion
The outdoor spectral effects using the Weighted Useful Fraction (WUF) of CIS module was analyzed. Observed was a 17% decrease in the device short -circuit (I sc ) current attributed due to a change in season. The change in season (summer/winter) result in the outdoor spectrum to vary by ΔWUF = 1.5%, result in the decrease in the device I sc . From the analysis done, it was concluded that a small percentage change in ΔWUF resulted in large % difference of the module's I sc as the outdoor spectrum changed during the course of the day, which confirmed that the 17% decrease in I sc was due to a ΔWUF of 1.5 %. A strong correlation between FF and the WUF exists for CIS module. It is observed that the FF increases by 6.5% as WUF increases. The temperature coefficient of a device is one of the important concepts for characterizing device performance parameter. A close correlation between WUF and temperature was established. Temperature coefficients for spectral induced effect (WUF) were found to be -0.001/ o C for winter period and -4×10 -5 / o C for summer seasons. This difference in WUF for summer and winter indicated that the temperature coefficients obtained in controlled environment (indoor procedure) can not be truly dependable for modeling purposes or system sizing since the outdoor conditions has an effect also. It should also be noted that the temperature coefficient for spectral effect is indeed an important parameter to consider.
